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ABSTRACT
Context. The modulation of the activity level of solar-like stars is commonly revealed by cyclic variations in their chromospheric
indicators, such as the Ca ii H&K “S -index”, similarly to what is observed in our Sun. However, while the variation of solar activity
is reflected also in the cyclical modulation of its coronal X-ray emission, a similar behavior has only been discovered in a few stars
other than the Sun.
Aims. The data set of the long-term XMM-Newton monitoring program of HD 81809 is analyzed to study its X-ray cycle, to inves-
tigate if the latter is related to the chromospheric one, to infer the structure of the corona of HD 81809, and to explore if the coronal
activity of HD 81809 can be ascribed to phenomena similar to the solar ones and, therefore, considered an extension of the solar case.
Methods. We analyze the observations of HD 81809 performed with XMM-Newton with a regular cadence of 6 months from 2001
to 2016 and representing one of the longest available observational baseline (∼ 15 yr) for a solar-like star with a well-studied chro-
mospheric cycle (with a period of ∼ 8 yr). We investigate the modulation of coronal luminosity and temperature and its relation with
the chromospheric cycle. We interpret the data in terms of a mixture of solar-like coronal regions, adopting a methodology originally
proposed to study the Sun as an X-ray star.
Results. The observations show a well-defined regular cyclic modulation of the X-ray luminosity that reflects the activity level of
HD 81809. The data covers approximately two cycles of coronal activity; the modulation has an amplitude of a factor of ∼ 5 (exclud-
ing evident flares, as in the June 2002 observation) and a period of 7.3 ± 1.5 yr, consistent with that of the chromospheric cycle. We
demonstrate that the corona of HD 81809 can be interpreted as an extension of the solar case and it can be modeled with a mixture of
solar-like coronal regions along the whole cycle. The activity level is mainly determined by a varying coverage of very bright active
regions, similar to cores of active regions observed in the Sun. Evidence of unresolved significant flaring activity is present especially
in proximity of cycle maxima.
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1. Introduction
Cyclic modulations in the activity level of late-type stars are
commonly detected through chromospheric indicators, as the
Ca ii H&K activity indicator (the “S -index”). The long-term
monitoring of the Ca ii S -index measured in a large sample of
stars with the Mt. Wilson 100-inch telescope has shown that
solar-like cycles (with periods in the range 2.5 − 25 yr) are
present in many (∼ 60 %) main-sequence stars with spectral
types between F and M (Baliunas et al. 1995). Most often the
cycles are detected in intermediate-activity stars, whereas less
active stars show no evident variability, suggesting that they are
in a “Maunder minimum”-like state (i.e. very small long-term
variability), and the most active stars are dominated by irregular
variability rather than by cyclic modulation. The Sun fits well in
this sample with the well known 11-yr cycle, evident in the Ca ii
S -index (White et al. 1992).
In the Sun, the changes in its activity level are also evident
through a cyclic variation in the coronal emission: the solar X-
ray luminosity follows a cycle with the same periodicity as the
chromospheric one and an amplitude between one and two or-
Send offprint requests to: S. Orlando
ders of magnitude in the [0.1 − 3] keV band (e.g. Orlando et al.
2001; Judge et al. 2003). It is worth to mention that solar cycles
are similar to each other but not identical, neither in duration,
nor in magnitude, and long-term changes do occur. In late-type
stars other than the Sun, cyclical variations in the coronal emis-
sion have been found in recent years and only for few cases. The
main reason is that typical targets of X-ray observations have
been stars with a high activity level which, however, show mod-
est (if any) amounts of long-term variability with no evidence of
cyclic modulation (e.g. Stern 1998; Schmitt & Liefke 2004). A
first hint that cyclic chromospheric activity implies cyclic coro-
nal activity was found - on the base of statistical arguments - in
low-activity stars by using the ROSAT all-sky survey (RASS)
(Hempelmann et al. 1996). To date, clear cyclic variations in the
coronal emission have been detected in three binary stars: 61
Cyg A (Hempelmann et al. 2003, 2006), α Cen (Robrade et al.
2005, 2012; Wargelin et al. 2017), and HD 81809 (Favata et al.
2004 - Paper I - Favata et al. 2008 - Paper II). More recently
a cyclic modulation in X-rays which follows the contempora-
neous chromospheric cycle was also discovered in the young
(≈ 600 Myr) late-type star ι Hor (Sanz-Forcada et al. 2013).
These stars provide the best available data set to investigate
the cyclical variations in the coronal emission of late-type stars.
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One of the longest available observational baseline (∼ 15 yr) is
that for HD 81809 which is also the system showing the clear-
est evidence of a cyclical modulation in its coronal emission
(Paper II). HD 81809, at a nominal distance of ≈ 31.2 pc, is
known to be a binary system with an orbital period of ∼ 35 yr
and a maximum separation of ∼ 0.4 arcsec (Pourbaix 2000;
Tokovinin et al. 2015; for more details see Paper I). The two
components have spectral types G2 and G9, and apparent mag-
nitudes V1 = 5.8 and V2 = 6.8, respectively; their masses are
M1 = 1.7 ± 0.64M⊙ and M2 = 1.0 ± 0.25M⊙, respectively.
Both components are slow rotators, with v sin i ≈ 3 km s−1
(Soderblom 1982). HD 81809 is generally considered to have
an age close to that of the Sun. However, Favata et al. (2004)
have suggested that the stars are not on the main sequence, but
rather subgiants. Although HD 81809 is binary in nature, this
does not hamper studies on the cyclic modulation of coronal
emission: the large physical separation of the two stars makes
tidal effects negligible, and the low rotational velocity confirms
that this is a non-interacting system. The very clear cyclical be-
havior of HD 81809 in the Ca ii S -index (as evident from the
Mt. Wilson program data; Baliunas et al. 1995) and in X-rays
(see Paper II) points to the activity being dominated by one of
the two components.
The chromospheric cycle of HD 81809 has a regular modula-
tion similar to that of the Sun but with a shorter period of 8.2 yr.
The analysis of the XMM-Newton data from 2001 to 2007 (thus
covering six years of the cycle) discussed in Paper II has shown
that a well-defined cycle seems to be present also in X-rays and
appears to follow that in the Ca ii S -index. Our previous analy-
sis did not allow us to constrain accurately the amplitude of the
X-ray cycle because the only maximum recorded was not well
sampled and one of the data at the maximum was most likely
affected by a flaring event which led to an overestimation of the
flux. We derived an average luminosity approximately one or-
der of magnitude higher than in the Sun. The previous analysis
covered most (but not all) of one cycle describing a maximum in
2002 and a minimum in 2005. However, no evidence of a second
maximum was present in the data and no indication that the next
cycle has similar duration and amplitude as the first one. Here we
analyze all available XMM-Newton observations, from 2001 to
2016, thus covering almost two coronal cycles. We compare the
two cycles exploring possible significant changes (if any) and in-
terpret the data in terms of a mixture of coronal regions observed
in the Sun, adopting a methodology extensively applied to study
the “Sun as a star” (Orlando et al. 2000; Peres et al. 2000). In
Sect. 2, we present the XMM-Newton data; in Sect. 3 we de-
scribe the data analysis and discuss the results; and finally in
Sect. 4 we draw our conclusions.
2. Observations
HD 81809 has been selected as target to investigate cyclic vari-
ations in the coronal emission because it has: (i) enough X-ray
flux at Earth to allow an accurate analysis of the data, and (ii) a
well defined cycle in the Ca ii S -index (fromMt.Wilson program
data; Baliunas et al. 1995) with a period of 8.2 yr which allows
to study few cycles in a reasonable time. The strategy to sample
the cyclic behavior of HD 81809 was based on the expected cy-
cle duration of 8.2 yr and considered two observations per year,
spaced by 6 months (see Table 1). Since April 2001, the ob-
servations have been executed regularly each year in the Spring
(between April and June) and in the Fall (between September
and November), with the only exception of the Spring 2006 sea-
son, due to a technical problem that prevented the observation
from being carried out. The observations have different duration
(ranging between 6 and 30 ks; see Table 1), because the exposure
time has been adapted along the program to follow the varia-
tion in luminosity of the target. All observations up to May 2003
were taken with the medium filter; all the others are taken with
the thick filter (this is due to a policy change of the observatory).
3. Analysis
All data sets are processed homogeneously using the SAS pack-
age. As a first step, we remove high background time intervals
from the observations. The data collected on April 2001 is re-
jected from the analysis because the observation is affected by
a very high background level (much higher than in the other
observations) which, coupled with the short duration of the ob-
servation, resulted in a high noise level which could not be fil-
tered out. Then, from the processed data, we extract lightcurves
and spectra. We estimate the parameters characterizing the spec-
tra (i.e. effective temperature and emission measure) by fit-
ting simultaneously pn and MOS spectra, using XSPEC, with
thermal plasma radiative loss models. To this end, we adopt
Astrophysical Plasma Emission Code (APEC) models, consid-
ering the metal abundance frozen at Z = 0.3 Z⊙, as in Papers
I and II. As discussed in Paper II, the interstellar absorption is
consistent with a zero value, and we do not include it in the fit.
3.1. Characterizing the coronal plasma using model
parameter estimation
The spectra are first matched to an isothermal model, following
the approach of Paper II. This allows a consistent comparison of
our results with those of the previous papers (Papers I and II).
We find that the results of the fit during the two cycles are simi-
lar to those found in Paper II, with a modest range of variability
in best-fit temperature and a good correlation between tempera-
ture and stellar X-ray luminosity. Most of the spectra are well
fit with a single-temperature model; however, in some cases,
the χ2 of the fit yields a very low probability as, for instance,
for the June 2002 data set when, most likely, a bright flare was
present (see Paper II for more details). In the light of this, we ex-
plore the possibility to fit the spectra with more complex mod-
els that included two temperatures plasma components. In the
fit, the temperatures and emission measures are allowed to vary
and all the spectra are well fit (including the June 2002 spec-
trum). Table 1 reports the spectral parameters resulting from the
fit for the complete observation timeline from November 2001
to October 2016. The Table reports also the emission measure-
weighted temperature, Tave, defined as
Tave =
EM1T1 + EM2T2
EM1 + EM2
(1)
where T1 and T2 are the temperatures of the two isothermal com-
ponents and EM1 and EM2 are their emission measures.
For all spectra, we compute the X-ray luminosity in the
[0.2 − 2.5] keV band. Figure 1 shows the light curve of the X-
ray luminosity of HD 81809 together with a log-sinusoidal fit to
the data (dashed line in the figure). On average the observations
show a long-term variability in good agreement with the cyclical
behavior of HD 81809 in the Ca ii S -index (see Baliunas et al.
1995 and Paper II). The coherent behavior of this variability is
consistent with a regular cyclic modulation in the coronal activ-
ity level. Our data cover approximately two cycles of coronal
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activity. A first maximum occurred approximately in 2001, al-
though a significant level of uncertainty is present given that this
maximum has not been properly sampled by our observations
(see also Paper II). Then the luminosity decreased to a minimum
around 2005 and increased toward a second broadmaximum that
occurred in 2009-2010.The X-ray luminosity in the secondmax-
imum is very close to the values observed in late 2001, support-
ing the assumption that the first observedmaximumwas in 2001.
Around 2013 the luminosity reached a second minimumwith X-
ray luminosity similar to that of 2005 and, then, increased again
toward a new maximum in 2016. From the fitting of the data
with a sinusoidal function, we find that the cyclic modulation of
the X-ray luminosity has an amplitude of a factor of ∼ 5, if one
ignores the apparently anomalous June 2002 observation, and a
period of 7.3± 1.5 yr very close to that of the chromospheric cy-
cle. According to these estimates, the star is currently at its max-
imum. The analysis shows that the two cycles appear very simi-
lar each other and suggest a regular coronal cycle in HD 81809
analogous to that observed in the Sun. We note that the ampli-
tude of the cycle (about a factor of 5) is much lower than that
of the Sun (which is about a factor of 50; Orlando et al. 2001),
probably due to the higher level of activity of HD 81809. We
conjecture that this might reflect a dynamo more productive of
magnetic fields, so that a significant coronal activity (in terms of
presence of active regions, cores, and possibly flares) is always
present on the stellar surface (even during the minimum) at vari-
ance with the solar case. This idea is supported by the evidence
that the X-ray flux of HD 81809 at minimum is much larger (by
a factor of ≈ 6) than the X-ray flux of the Sun at minimum (see
also Fig. 3 in Paper II), suggesting a significant coronal activity
in HD 81809 even at minimum.
The June 2002 data point is the only most prominent excep-
tion to the regular cyclic modulation in the coronal activity level
with a luminosity 3× higher than during the maximum; this was
most likely due to a bright flare dominating the X-ray emission
of HD 81809 during the observation. In fact, the spectrum in
June 2002 is characterized by a second temperature component
at ∼ 15.4 MK and corresponding emission measure compara-
ble to that of the colder component (see Table 1). As discussed
in detail in Papers I and II, these characteristics point at a pe-
riod of enhanced flare-like activity, although the light curve ex-
tracted from this observation (which however only spans approx-
imately two hours) shows no evidence of flare-like variability.
The comparison of the June 2002 spectrum with the spectrum of
the flaring Sun observed as a star supports this interpretation (see
Paper II and Sect. 3.3 for more details). Other observations (e.g.
April 2011 and April 2015) show similar high temperature com-
ponents although with corresponding emission measures lower
than in June 2002.
3.2. Chromospheric Ca ii activity measured by TIGRE
In correspondence of the last maximum in the coronal activity
level of HD 81809, chromospheric Ca ii activity has been mea-
sured continuously between 2014 and 2017 by TIGRE, a fully
automatic 1.2 m telescope located at the La Luz Observatory
in central Mexico. TIGRE’s main instrument is the fibre-fed
E´chelle spectrograph HEROS with a spectral resolution of
R≈20,000 and a spectral range from ≈ 3800 Å to 8800 Å with
a small gap of ≈100 Å centered around 5800 Å; a detailed de-
scription of the TIGRE facility is given by Schmitt et al. (2014).
The TIGRE facility is primarily designed to execute spec-
troscopic long-term monitoring programs and one of these pro-
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Fig. 1. Evolution of the X-ray luminosity in the [0.2 − 2.5] keV
band of HD 81809 from November 2001 to October 2016, cov-
ering almost two cycles of coronal activity. SMWO for the chro-
mospheric Ca ii activity is superimposed (red crosses, right hand
scale), derived from data collected with the TIGRE telescope. In
most of the X-ray data points the uncertainty on the X-ray lu-
minosity is smaller than the symbol size; the uncertainty on the
S-index is shown. The dashed curve is a log-sinusoidal function
(with a period of 7.3 yr) which fits the X-ray data (see the text).
grams is the long-term monitoring of active stars. The most
commonly used activity indicator is the Mount Wilson S-index
(Baliunas et al. 1995). With the TIGRE spectra we first derive an
instrumental S-index (STIGRE) with an automatic procedure (see
Mittag et al. 2016 for a detailed description), which works as fol-
lows: first, the radial velocity (RV) shift of the Ca ii region is esti-
mated via a cross correlation with a synthetic spectrum and then
a RV correction of the Ca ii region is performed. Afterwards,
the counts in the four band passes of the STIGRE index are inte-
grated and the ratio between the counts of both line centers and
the quasi reference continua are calculated. This ratio yields the
STIGRE-value, which is transformed into the Mount Wilson scale
with a linear relation derived by Mittag et al. (2016) through
SMWO = (0.0360± 0.0029) + (20.02 ± 0.42)S TIGRE. (2)
In this fashion our TIGRE S-indices can be readily compared
to the vast amount of literature available on the activity derived
from the Ca ii line cores. The changes in SMWO, measured be-
tween 2014 and 2017, are shown in Fig. 1 (red crosses super-
imposed to the X-ray lightcurve). We find that, in the period an-
alyzed, the chromospheric Ca ii activity level increases follow-
ing the increase in the coronal activity level. Unfortunately the
TIGRE data do not cover a full cycle of activity, so that we can-
not derive the period and amplitude of the cyclic modulation of
chromospheric Ca ii activity. In the next future, therefore, it is
highly desirable to continue the monitoring of HD 81809 with
both XMM-Newton and TIGRE instruments to enable a more
precise comparison between coronal and chromospheric activity
variations.
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Table 1. Best-fit spectral model parameters for the 33 XMM-Newton observations of HD 81809, spanning 15 years.
Obs. ID Obs. start UTC Obs. duration LX T1 T2 EM2 / EM1 Tave
[s] [1028 erg s−1] [MK] [MK] [MK]
0032340301 2001-11-01 23:16:52 6402 6.63+0.45
−0.45 3.69
+0.38
−0.38 8.60
+0.90
−0.90 0.54
+0.20
−0.20 5.41
+1.50
−1.50
0032341301 2002-11-02 18:04:22 5453 18.4+0.30
−0.30 4.05
+0.29
−0.29 15.4
+0.34
−0.34 1.38
+0.13
−0.13 10.6
+0.66
−0.66
0032342201 2002-06-06 03:07:46 6395 5.72+0.50
−0.50 2.83
+1.21
−1.21 7.10
+1.85
−1.85 0.60
+0.60
−0.60 4.44
+3.35
−3.35
0032342301 2003-05-03 11:10:15 8452 3.49+0.29
−0.29 3.71
+0.39
−0.39 8.20
+1.34
−1.34 0.32
+0.18
−0.18 4.80
+1.65
−1.65
0143630701 2003-11-22 05:33:21 7208 2.47+0.15
−0.15 2.76
+0.50
−0.50 6.10
+2.78
−2.78 0.35
+0.39
−0.39 3.62
+2.45
−2.45
0143630801 2004-04-29 22:09:49 22319 1.53+0.06
−0.06 2.28
+0.40
−0.40 4.77
+1.10
−1.10 0.83
+0.51
−0.51 3.41
+1.65
−1.65
0202610801 2004-11-09 19:16:08 30708 1.73+0.06
−0.06 3.68
+0.19
−0.19 8.80
+1.94
−1.94 0.13
+0.09
−0.09 4.28
+0.96
−0.96
0202611001 2005-05-03 19:19:09 28917 1.43+0.06
−0.06 3.17
+0.37
−0.37 6.34
+1.34
−1.34 0.22
+0.20
−0.20 3.75
+1.50
−1.50
0202611601 2005-10-30 05:57:32 30119 1.67+0.06
−0.06 3.67
+0.25
−0.25 7.98
+1.31
−1.31 0.28
+0.15
−0.15 4.62
+1.37
−1.37
0401880601 2006-11-05 23:41:06 22213 4.02+0.11
−0.11 3.59
+0.26
−0.26 7.12
+0.72
−0.72 0.37
+0.17
−0.17 4.55
+1.30
−1.30
0401880701 2007-05-04 12:22:37 23209 4.77+0.14
−0.14 3.82
+0.14
−0.14 8.81
+0.55
−0.55 0.41
+0.08
−0.08 5.26
+0.69
−0.69
0501930401 2007-11-09 16:42:54 16918 3.82+0.10
−0.10 3.48
+0.31
−0.31 7.25
+1.15
−1.15 0.27
+0.18
−0.18 4.27
+1.51
−1.51
0501930501 2008-05-14 23:38:08 16917 6.18+0.16
−0.16 3.44
+0.18
−0.18 8.22
+0.32
−0.32 0.59
+0.09
−0.09 5.22
+0.61
−0.61
0550061101 2008-11-06 18:13:31 16917 5.50+0.15
−0.15 2.59
+0.39
−0.39 5.40
+0.34
−0.34 1.59
+0.50
−0.50 4.32
+0.93
−0.93
0550061201 2009-04-27 06:36:24 16915 5.07+0.12
−0.12 2.84
+0.29
−0.29 5.40
+0.42
−0.42 1.07
+0.33
−0.33 4.16
+0.97
−0.97
0600820401 2009-05-24 23:00:31 11914 4.15+0.16
−0.16 3.39
+0.86
−0.86 6.19
+2.99
−2.99 0.45
+0.88
−0.88 4.26
+5.33
−5.33
0600820501 2009-11-04 16:32:25 11919 3.54+0.12
−0.12 2.97
+0.23
−0.23 6.71
+0.54
−0.54 0.41
+0.11
−0.11 4.07
+0.75
−0.75
0600820601 2009-12-08 07:22:42 13417 4.67+0.16
−0.16 3.65
+0.16
−0.16 8.13
+0.71
−0.71 0.25
+0.07
−0.07 4.54
+0.71
−0.71
0600820701 2010-04-30 23:45:12 11915 3.43+0.12
−0.12 3.52
+0.19
−0.19 9.34
+2.20
−2.20 0.12
+0.08
−0.08 4.13
+0.90
−0.90
0654550401 2010-10-31 17:48:38 13914 3.37+0.13
−0.13 3.23
+0.56
−0.56 6.46
+0.51
−0.51 0.61
+0.35
−0.35 4.45
+1.82
−1.82
0654550501 2011-04-27 09:52:48 10921 3.67+0.16
−0.16 3.84
+0.13
−0.13 11.7
+1.16
−1.16 0.19
+0.04
−0.04 5.09
+0.55
−0.55
0670320101 2011-11-02 11:38:16 12917 2.20+0.09
−0.09 2.94
+0.37
−0.37 6.22
+2.35
−2.35 0.37
+0.35
−0.35 3.82
+2.16
−2.16
0670320601 2012-05-07 12:21:03 12918 2.65+0.10
−0.10 2.93
+0.27
−0.27 7.34
+0.87
−0.87 0.35
+0.12
−0.12 4.08
+0.92
−0.92
0690800401 2012-06-07 00:38:40 14414 2.64+0.11
−0.11 2.17
+0.92
−0.92 4.35
+0.78
−0.78 2.06
+1.65
−1.65 3.63
+2.05
−2.05
0690800501 2012-11-01 10:47:39 12017 1.53+0.10
−0.10 3.19
+1.60
−1.60 6.21
+23.4
−23.4 0.10
+1.33
−1.33 3.46
+10.7
−10.7
0690800701 2013-04-27 23:47:21 17418 1.92+0.09
−0.09 2.91
+0.37
−0.37 6.89
+0.51
−0.51 0.70
+0.20
−0.20 4.55
+1.01
−1.01
0720580801 2013-10-30 06:04:59 14600 1.88+0.09
−0.09 2.52
+0.38
−0.38 7.16
+0.69
−0.69 0.51
+0.14
−0.14 4.09
+0.86
−0.86
0720580901 2014-04-28 11:30:24 26000 2.90+0.19
−0.19 3.18
+0.61
−0.61 6.22
+0.70
−0.70 0.64
+0.36
−0.36 4.36
+1.78
−1.78
0741700401 2014-10-29 15:35:25 15999 3.26+0.13
−0.13 1.76
+0.40
−0.40 5.42
+0.36
−0.36 1.61
+0.57
−0.57 4.02
+0.75
−0.75
0741700501 2015-04-30 11:36:57 22700 8.24+0.22
−0.22 4.51
+0.16
−0.16 11.2
+0.62
−0.62 0.25
+0.03
−0.03 5.84
+0.44
−0.44
0760290401 2015-10-29 21:10:29 15000 5.43+0.18
−0.18 3.43
+0.43
−0.43 6.56
+0.42
−0.42 0.67
+0.30
−0.30 4.68
+1.54
−1.54
0760290501 2016-04-25 07:18:57 18500 7.16+0.20
−0.20 2.30
+0.28
−0.28 6.01
+0.34
−0.34 1.95
+0.34
−0.34 4.75
+0.61
−0.61
0783340401 2016-10-29 12:03:04 11000 8.73+0.30
−0.30 2.16
+0.26
−0.26 6.47
+0.17
−0.17 1.68
+0.21
−0.21 4.85
+0.38
−0.38
3.3. Characterizing the coronal plasma using a mixture of
solar-like coronal regions
Although HD 81809 cannot be considered a solar twin (because
it is a binary system and one of the two components has mass and
radius different from those of the Sun), we demonstrated in Paper
II that the observations can be interpreted in terms of a mix-
ture of solar-like active regions. At the base of this interpretation
there was the assumption that the X-ray activity of the system is
dominated by the more massive, larger companion (the primary
component) with a mass M1 ≈ 1.7 M⊙ and radius R1 ≈ 2− 3R⊙.
This assumption is justified by the evident coherent, cyclic vari-
ability observed (due to a dominant component in the system)
and by the impossibility to produce the observed levels of ac-
tivity with the smaller secondary component and filling factors
smaller than 1 (see also the discussion below on the comparison
between the X-ray luminosity of the Sun and that of HD 81809).
Here we adopt the same assumption and investigate if and how a
mixture of solar-like coronal regions can describe the corona of
the primary component of HD 81809 along its cycle of activity.
In Paper II we adopted a methodology originally devel-
oped in the context of the study of the “Sun as a star” (see
Orlando et al. 2000; Peres et al. 2000) and investigated if the cy-
cle of HD 81809 can be explained in terms of solar-like struc-
tures by modeling the stellar corona with varying coverage of
solar-like active regions and cores of active regions. However, as
discussed in Sect. 3.1, some observations suggest a significant
flare-like activity that cannot be described in terms of only ac-
tive regions and cores. The most evident case is the June 2002
observation characterized by a luminosity 3× higher than dur-
ing all the three maxima in the coronal cycle (see Fig. 1). Hints
of flare-like activity are also present in other observations (e.g.
April 2011 and April 2015).
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Several authors suggested that a superposition of many flare-
like events, ranging in energy from very frequent nano- and
micro-flares to less frequent larger flares, might contribute sig-
nificantly to stellar coronal emission (e.g. Butler et al. 1986;
Feldman et al. 1997; Drake et al. 2000 and references therein).
In the light of this, here we adopt a similar methodology of Paper
II, but now considering also the contribution of solar-like flar-
ing regions. The “quiet Sun” is omitted because, at its minimum
of coronal activity, the Sun has an X-ray luminosity which is
∼ 2 orders of magnitude lower than the Sun at maximum (see
Peres et al. 2000 and Fig. 3) and, in the presence of active re-
gions, its contribution to X-ray emission is negligible (see also
Orlando et al. 2001, 2004). Thus we model the evolution of the
coronal X-ray luminosity and temperature of HD 81809 along its
cycle of activity in terms of varying coverage of the stellar sur-
face with solar-like active regions, cores, and flares. As in Paper
II, our simulations assume the minimum radius, R = 2R⊙, for
the dominant (the primary) component of HD 81809 in order to
derive upper limits1 for the filling factors derived for the various
types of coronal structures.
As a first step in our approach, we consider the average dis-
tribution of emission measure vs. temperature, EM(T ), per unit
surface area for each class of solar coronal structures considered
here (namely active regions, cores, and flares). To this end, we
take advantage of the results of the analysis of observations col-
lected with the soft X-ray telescope (SXT) on board the Yohkoh
satellite (Tsuneta et al. 1991) which are discussed in previous
studies (Orlando et al. 2001, 2004; Reale et al. 2001). For the
reader convenience, we summarize here the method followed by
those authors to derive the EM(T ) distributions of specific coro-
nal regions. In the case of the solar corona outside evident flares,
Orlando et al. (2001) have shown that three different classes of
coronal regions contributing to the X-ray emission of the whole
solar corona can be identified from the analysis of Yohkoh/SXT
images: quiet regions, active regions, and active region cores.
The selection of these regions is based on the SXT pixel inten-
sity (or, in other words, on the surface brightness), a criterion
similar to that adopted by Hara (1996) and Drake et al. (2000).
Once the regions are selected, the EM(T ) distribution is derived
from the analysis of the selected pixels following the method
outlined by Orlando et al. (2000). It is worth noting that stud-
ies conducted during a complete solar coronal cycle have shown
that the latter can be explained by a varying surface coverage
of active regions and cores (Orlando et al. 2001) a mechanism
which we wish to test for HD 81809. More specifically, these
studies have shown that the average temperature of the differ-
ent classes of regions increases from quiet regions (∼ 1 MK)
to active regions (∼ 2 MK) to cores (∼ 5 MK) (Orlando et al.
2001). The contribution of quiet regions to the X-ray emission
does not change appreciably, whereas the contribution from ac-
tive regions and cores decreases by several orders of magnitude
with the solar cycle. Indeed although active regions and cores in
the Sun cover only a minor fraction of the solar surface (∼ 30%
at the maximum and ∼ 0.1% at the minimum) they dominate the
EM(T ) distribution of the whole solar corona for temperatures
above 2 MK (outside flares) and determine the changes in X-ray
luminosity and average temperature of the whole solar corona
(Orlando et al. 2001). This behaviour justifies our choice to ne-
glect the contribution of the quiet Sun from our analysis. For
the purposes of the present paper, we derive the average EM(T )
distributions of active regions and cores, by considering the anal-
1 The smaller the star, the higher the filling factors necessary to re-
produce the observed level of emission.
ysis of Orlando et al. (2004) who studied the long term evolution
of a solar active region and its core observed with Yohkoh/SXT
from its emergence (July 5, 1996) to the decay phase (end of
October 1996). The average distributions are derived by averag-
ing the distributions obtained by these authors in different phases
of evolution of these regions.
For the EM(T ) distribution of flares, we consider a sample of
flares observed with Yohkoh/SXT and analyzed by Reale et al.
(2001). The sample includes eigth flares fromweak (GOES class
C5.8) to very intense ones (X9). For each flare, the EM(T ) distri-
bution of the flaring region was derived by Reale et al. (2001) in
the rise, peak, and decay phase. Here we consider those distribu-
tions derived for all the flares and in different phases of their evo-
lution and determine the average contribution of flaring regions
to the EM(T ) distribution of the whole corona, by assuming that
the differential energy frequency distribution of solar flares is
described as N(E) ∝ EαdE where E is the flare energy and the
index α = 1.53 (e.g. Aschwanden & Parnell 2002; Wang & Dai
2013 and references therein). Then, from the EM(T ) distribu-
tions per unit surface area for each type of solar coronal struc-
tures, we explore different surface coverage of active regions,
cores, and flares and derive the resulting EM(T ) distribution of
the whole corona and the corresponding XMM-Newton spec-
trum and X-ray luminosity. Finally we compare the simulated
data with those of HD 81809.
In Paper II, we found that the coronal emission is largely
dominated by cores out of the cycle minimum so that the cov-
erage of active regions can be constrained only during the min-
imum. Following the results of Paper II, the minimum in 2005
can be described by assuming a coverage of active regions with
a maximum surface filling factor of about FAR ≈ 60% (corre-
sponding to 27% if considering the upper limit to the star radius,
R1 = 3R⊙) and a coverage of cores with FCO ≈ 4%. We assume,
therefore, the same coverage of active regions during the whole
evolution. This assumption reflects our unability to constrain the
active regions coverage. However it is unlikely that the active
regions coverage does not vary during the cycle as shown, for
instance, in our Sun. In Sect. 3.4 we discuss this point in more
detail. With the above approximation, the cyclic modulation of
coronal activity is determined by varying only the coverage of
cores and flares. We allow the filling factor of cores, FCO, to
vary between 4 and 40%, the latter corresponding to a full cov-
erage of the stellar surface considering the filling factor of active
regions at 60% and a stellar radius of 2R⊙. We assume the cov-
erage of flares to depend on the coverage of cores and allow the
filling factor of flares, FFLs , to vary between 0 and 1% of the
coverage of cores (in other words, we allow a small percentage
of the cores to be flaring). Figure 2 shows the modeled EM(T )
distributions for the minimum and maximum allowed coverage
of cores and flares. As expected, the contribution from active
regions to the EM(T ) distribution is significant only when the
coverage of cores is minimum (upper panels in Fig. 2). In that
case the contribution of active regions is comparable to those of
cores. Conversely, when the coverage of cores is the maximum
(40%), the EM(T ) distribution is largely dominated by cores. As
a result, the surface filling factor of active regions cannot be uni-
vocally determined. The flares contribute to the high temperature
portion of the EM(T ) distribution, leading to an higher average
coronal temperature and to an harder spectrum.
From the EM(T ) distributions we synthesize the correspond-
ing XMM-Newton spectra and analyze them in the same way
as the actual data of HD 81809, using XSPEC. In particular
we estimate the parameters characterizing the simulated spec-
tra (namely temperature and emission measure) by fitting the
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Fig. 2. Simulated distributions of emission measure vs. temperature, EM(T ), derived for the minimum (upper panels) and maximum
(lower panels) coverage of cores and for the minimum (on the left) and maximum (on the right) coverage of flares. The contributions
to EM(T ) of active regions (AR, Blue), cores (CO, green), and flares (FLS, red) are shown. We assume a constant surface filling
factor of active regions (FAR ≈ 60%), a filling factor of cores ranging between 4 (upper panels) and 40% (lower panels), a filling
factor of flares ranging between 0 (right panels) and 1% (left panels) of the coverage of cores. The crosses indicate the values of
temperature and emission measure of the two isothermal components fitting the corresponding spectra.
spectra with two isothermal components (APEC models). Then
we derive the coronal luminosity, LX , and the emission measure-
weighted temperature, Tave, defined in Eq. 1. Figure 3 reports
the range of variation in LX and Tave obtained for the simulated
data (blue and green symbols) using the above approach, to-
gether with those observed for the Sun (magenta symbols; data
adapted from Orlando et al. 2001) and HD 81809 (red symbols)
along their cycle. The figure clearly shows that the simulated
data cover the entire observed range of variations of HD 81809
in terms of both LX and Tave, so that the entire cycle of HD 81809
can be reproduced by simply assuming the same coverage of ac-
tive regions (FAR = 60%) and a different coverage of cores and
flares. Both coronal temperature and luminosity at the cycle min-
imum can be explained if the active regions cover ≈ 60% of the
stellar surface, the cores about 4%, and there are no flaring re-
gions, in agreement with Paper II. An EM(T ) distribution close
to that at cycle minimum is shown in panel A of Fig. 2 (see also
the corresponding data point labeled A in Fig. 3). For compari-
son, the average temperature and the X-ray luminosity of the so-
lar corona at minimum are the result of active regions covering
no more than 0.1% of the solar surface, with no cores and flares
present (Orlando et al. 2001). In fact, the coronal temperature of
the Sun at minimum is a factor of 3 lower and the X-ray lumi-
nosity two orders of magnitude lower than those of HD 81809
at minimum (see Fig. 3). This is due in part also to the smaller
radius of the Sun with respect to that of the primary component
of HD 81809. In fact, in Paper II we found that the X-ray surface
flux (in the [0.2− 2.5] keV band) of the Sun at minimum is only
a factor of ≈ 4 lower than that of HD 81809 at minimum (see
Fig. 3 in Paper II).
The coronal luminosity of HD 81809 close to the cycle max-
imum can be reproduced if the active regions cover ≈ 60% of
the stellar surface and the cores about 40% (panel C in Fig. 2
and data point labeled C in Fig. 3). However, out of the mini-
mum, some of the data points show values of temperature that
cannot be simply explained as a mixture of active regions and
6
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Fig. 3. Evolution of coronal X-ray temperature and luminosity
along the cycle for the Sun (magenta stars; data adapted from
Orlando et al. 2001) and HD 81809 (red filled circles). The fig-
ure also reports the simulated data obtained assuming a mixture
of solar-like coronal regions: active regions and cores (namely
non-flaring regions; AR+CO, blue crosses), and active regions,
cores, and flares (AR+CO+FLs, green diamonds). The crossed
square (AR+CO+XFL) marks the synthetic values considering
the contribution of a very intense flare (GOES class X9) to the
non-flaring corona with maximum coverage of cores (∼ 40%).
Labels A-D mark the simulated data points corresponding to the
EM(T ) distributions in Fig. 2. The data from actual spectra of
June 2002 and April 2015 are indicated.
cores only (blue symbols in Fig. 3). In these cases a contribu-
tion of flares is required (green symbols in Fig. 3). For instance
the April 2015 data (see Fig. 3), characterized by a coronal tem-
perature Tave ∼ 5.8 MK can be represented if, for instance, the
active regions cover ≈ 60% of the stellar surface, the cores about
40%, and 1% of cores is flaring (data point labeled D in Fig. 3).
The corresponding EM(T ) distribution is shown in panel D of
Fig. 2. In the case of the Sun, at solar maximum the coronal
temperature and luminosity are determined by a surface cover-
age of active regions of about 30%, a coverage of cores of about
1%, and no flares present (Orlando et al. 2001). As a result, the
coronal temperature and luminosity of the Sun at maximum are
still significantly lower that those of HD 81809 at minimum (see
Fig. 3). Again the different luminosity is partially due to the dif-
ferent radius of the two stars; in fact the X-ray surface flux of the
Sun at maximum is only slightly lower than that of HD 81809 at
maximum (see Fig. 3 in Paper II). This cannot explain however
the different average temperature. We note that the less massive
companion in HD 81809, with a mass M2 = 1.0 ± 0.25M⊙ very
close to that of the Sun, has most likely levels of activity simi-
lar to those of the Sun. Its luminosity, therefore, is expected to
be much lower than that of the more massive larger compan-
ion, even at maximum of activity. This justifies our assumption
that the X-ray activity of the system is dominated by the primary
component.
The above results suggest that, besides the June 2002 data
set (with a coronal temperature Tave ∼ 11 MK in Fig. 3)
which is clearly an outlier separated from the cloud of values
of HD 81809, other data points in Fig. 3 might have an unre-
solved flaring component contributing to the coronal emission.
In Paper II, we interpreted the June 2002 data point as a flare-like
phenomenon. This is supported by the evidence that its spec-
tral characteristics can be reproduced if the contribution of a
very intense solar flare (a GOES class X9 flare observed with
Yohkoh/SXT on November 2, 1992) is added to the synthetic X-
ray spectrum simulating the cycle maximum of HD 81809 (see
crossed square in Fig. 3). We wonder, therefore, if the system-
atic higher coronal temperature of some of the data points with
respect to simulations considering only a mixture of active re-
gions and cores can be considered as evidence of flares not vis-
ible as short-term variability in the XMM-Newton observations.
As shown by Orlando et al. (2004) in their study of the Sun as a
star, the characteristics of X-ray variability due to the coronal cy-
cle and to flaring activity are different. A prominent difference is
that the variability induced by flares leads to a significant change
of coronal temperature, whereas the variability due to the cycle
is mainly characterized by large variations in X-ray luminosity
(see Fig. 9 in Orlando et al. 2004). This is evident also in Fig. 3
where the variability induced by an increased flaring activity (for
instance, evolving from panel A to panel B in Fig. 2) leads to
an evolution from data point A to data point B; the variability
induced by an increasing coverage of cores (namely evolving
from panel A to panel C in Fig. 2) leads to an evolution from
data point A to data point C in Fig. 3. In other words, flaring
regions significantly increase the average coronal temperature,
a feature that seems to characterize some of the data points of
HD 81809 (e.g. the April 2015 data, see Fig. 3).
In Fig. 4 we compare the parameters derived from the spec-
tral fitting of the actual data of HD 81809 with those derived
from the fitting of simulated spectra (colors and symbols as in
Fig. 3). Again we find that the range of variations of the param-
eters characterizing the spectra of HD 81809 along its cycle are
well represented in terms of a mixture of active regions, cores,
and flares (green diamonds in Fig. 4). Here the comparison of
fitting parameters derived from observed and simulated spectra
shows clearly that a mixture of only active regions and cores
(blue crosses in Fig. 4) cannot describe most of the data points
of HD 81809. In fact, in many cases the observed spectra re-
quire the second isothermal component with higher values of
T2 and/or lower values of EM2 (and ratio EM2/EM1 lower than
1) than the spectra simulated with a mixture of active regions
and cores. We conclude that adding a contribution from flares
is necessary to reproduce the spectral characteristics of all data
points of HD 81809. Again this result supports the scenario of
an unresolved significant flaring activity in HD 81809. This is
not evident if the observed spectra are fit with one isothermal
component, as we did in Paper II.
3.4. A scaled up Sun?
To probe the distribution of coronal temperature in HD 81809
during its cycle and to attempt a rough reconstruction of its
EM(T ) distribution, a three-temperatures model was adopted, in
which the temperatures were fixed at T1 = 0.17 keV (∼ 2 MK),
T2 = 0.43 keV (∼ 5 MK), and T3 = 1.09 keV (∼ 13 MK),
namely the values roughly corresponding to the peaks of emis-
sion measure of the EM(T ) distributions of active regions, cores,
and flares, respectively (see Fig. 2). For this model, therefore,
only the normalizations (emission measures) were allowed to
vary. Table 2 reports the best-fit parameters from the three-
temperatures model, for all the data set of HD 81809.
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Fig. 4. Parameters derived from the fitting with two isothermal
components of the actual spectra of HD 81809 (red circles) and
of the Sun observed as a star (magenta stars), along their cy-
cles. The figure also shows the fitting parameters derived for
the simulated data assuming a mixture of solar-like coronal re-
gions: active regions and cores (AR+CO, blue crosses), and ac-
tive regions, cores, and flares (AR+CO+FLs, green diamonds).
The crossed square (AR+CO+XFL) marks a mixture of active
regions and cores plus the contribution of a very intense flare
(GOES class X9).
Table 2.Best-fit spectral parameters from the three-temperatures
(∼ 2, 5, 13 MK) model, for the 33 XMM-Newton observations
of HD 81809.
Date EM1 EM2 EM3
[1027 cm−5] [1027 cm−5] [1027 cm−5]
2001-11-01 2.01+0.81
−0.81 6.71
+0.56
−0.56 1.43
+0.56
−0.34
2002-06-06 7.16+1.33
−1.33 6.77
+0.81
−0.81 14.0
+0.81
−0.65
2002-11-02 3.67+1.26
−1.26 5.40
+0.76
−0.76 0.00
+0.76
−0.00
2003-05-03 1.20+0.59
−0.59 3.93
+0.39
−0.39 0.30
+0.39
−0.23
2003-11-22 2.30+0.36
−0.36 2.07
+0.23
−0.23 0.00
+0.23
−0.00
2004-04-29 1.42+0.14
−0.14 1.29
+0.09
−0.09 0.00
+0.09
−0.00
2004-11-09 0.87+0.15
−0.15 1.90
+0.11
−0.11 0.00
+0.11
−0.00
2005-05-03 1.07+0.14
−0.14 1.37
+0.09
−0.09 0.00
+0.09
−0.00
2005-10-30 0.69+0.11
−0.11 1.89
+0.08
−0.08 0.07
+0.08
−0.05
2006-11-05 1.68+0.21
−0.21 4.66
+0.15
−0.15 0.00
+0.15
−0.00
2007-05-04 1.26+0.24
−0.24 5.19
+0.18
−0.18 0.81
+0.18
−0.11
2007-11-09 2.20+0.25
−0.25 4.09
+0.17
−0.17 0.00
+0.17
−0.00
2008-05-14 2.25+0.30
−0.30 6.18
+0.21
−0.21 1.17
+0.21
−0.13
2008-11-06 2.57+0.29
−0.29 6.27
+0.21
−0.21 0.00
+0.21
−0.00
2009-04-27 2.64+0.28
−0.28 5.61
+0.20
−0.20 0.00
+0.20
−0.00
2009-05-24 1.93+0.32
−0.32 4.74
+0.22
−0.22 0.00
+0.22
−0.00
2009-11-04 2.46+0.30
−0.30 3.52
+0.20
−0.20 0.00
+0.20
−0.00
2009-12-08 2.26+0.31
−0.31 4.97
+0.22
−0.22 0.27
+0.22
−0.13
2010-04-30 2.27+0.29
−0.29 3.36
+0.20
−0.20 0.00
+0.20
−0.00
2010-10-31 1.55+0.26
−0.26 3.82
+0.18
−0.18 0.00
+0.18
−0.00
2011-04-27 1.69+0.31
−0.31 3.54
+0.21
−0.21 0.62
+0.21
−0.13
2011-11-02 1.73+0.23
−0.23 2.06
+0.15
−0.15 0.00
+0.15
−0.00
2012-05-07 1.98+0.25
−0.25 2.55
+0.16
−0.16 0.00
+0.16
−0.00
2012-06-07 1.85+0.26
−0.26 2.62
+0.17
−0.17 0.00
+0.17
−0.00
2012-11-01 1.14+0.25
−0.25 1.46
+0.16
−0.16 0.00
+0.16
−0.00
2013-04-27 0.99+0.18
−0.18 2.00
+0.12
−0.12 0.11
+0.12
−0.07
2013-10-30 1.59+0.22
−0.22 1.51
+0.13
−0.13 0.16
+0.13
−0.08
2014-04-28 1.14+0.38
−0.38 3.44
+0.26
−0.26 0.00
+0.26
−0.00
2014-10-29 1.42+0.26
−0.26 3.79
+0.18
−0.18 0.00
+0.18
−0.00
2015-04-30 1.08+0.43
−0.43 9.16
+0.33
−0.33 1.87
+0.33
−0.21
2015-10-29 2.09+0.34
−0.34 6.39
+0.24
−0.24 0.00
+0.24
−0.00
2016-04-25 2.24+0.38
−0.38 8.52
+0.27
−0.27 0.33
+0.27
−0.15
2016-10-29 2.84+0.57
−0.57 9.84
+0.41
−0.41 0.84
+0.41
−0.24
The variability of the best-fit emission measures along the
coronal cycle of HD 81809 is shown in Fig. 5. The cycle mod-
ulation is particularly evident in the emission measure of the in-
termediate (green circles) and coldest (blue) isothermal compo-
nents (upper panel in the figure). The hottest (red circles) com-
ponent shows many upper limits to the emission measure and
a weaker relation with the coronal cycle; nevertheless, for this
component, the highest values of EM occur, in general, in prox-
imity of cycle maxima. If we interpret the isothermal compo-
nents in terms of solar-like coronal regions, the cold component
corresponds to the active regions, the intermediate to the cores,
and the hot to the flares.
This new approach in the analysis of actual spectra confirms
that the cyclic modulation is mainly due to the varying cover-
age of cores. The lower panel in Fig. 5 shows a clear correlation
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between the emission measure of cores and the coronal lumi-
nosity of HD 81809 with the EM increasing by about one order
of magnitude between the minimum and maximum of the cycle.
We note that this is compatible with the increase of FCO from 4
to 40% in our simulations. Thus, we speculate that this regular
and gradual increase reflects the increase of surface filling fac-
tor of cores. The figure shows a correlation also for the active
regions but with the EM varying only by a factor ≈ 3 exclud-
ing the June 2002 data point. The EM of active regions is com-
parable to that of cores close to the minimum; then the EM of
cores increases with the level of activity faster than that of active
regions and it is a factor of ∼ 3 larger than that of active re-
gions close to the maximum. This result shows that the coverage
of active regions cannot be considered permanent as assumed
in Sect. 3.3; a varying coverage of active regions contributes to
the cyclic modulation of coronal activity. This was expected also
considering that, in the Sun, the coverage of active regions varies
during the coronal cycle. In fact our choice to consider a perma-
nent coverage of active regions was dictated by our unability to
constrain the active regions coverage. In addition it is worth to
note that the adopted filling factor, FAR = 60%, is an upper limit
when a star radius R1 = 2R⊙ is considered. For R1 = 3R⊙, the
upper limit is even lower, FAR ≈ 27%, thus allowing a varia-
tion of active regions coverage during the cycle of a factor of
3, as inferred from Fig. 5. Despite the increasing active regions
coverage toward the maximum, Fig. 5 confirms that the active re-
gions contribution is not determinant for the observed variability
which is, instead, mostly due to the varying coverage of cores.
The contribution of flares is, in general, the lowest in terms of
EM, although it increases rapidly with the level of coronal activ-
ity, becoming comparable to the contribution of active regions in
proximity of cycle maxima. This means that their contribution to
the X-ray luminosity is not determinant as also shown by Fig. 3.
Nevertheless the hot isothermal component (or, in other words,
the flares) is important to fit the high energy part of the spectrum,
as demonstrated by the fitting with two isothermal components
of actual spectra (see Fig. 4) and by the average coronal X-ray
temperature (see Table 1 and Fig. 3).
Figure 5 also shows that the June 2002 observation differs
significantly from the others. The coronal emission is largely
dominated by the hot component (flares) which has the largest
value of EM. The other two components (active regions and
cores) have similar EM, a factor of ≈ 2 lower than that of the
hot component (see Table 2). This result supports the idea that a
bright flare was dominating the coronal emission of HD 81809
in the June 2002 data. Interestingly, in this case, the EM of the
hot component rather than that of the intermediate one seems to
be an extension of the distribution of data points of the cores (see
the lower panel in Fig. 5). This reinforces the peculiarity of this
data point with respect to the others.
The scenario suggested by the fitting with a three-
temperatures model is, in some way, analogous to that discussed
by Drake et al. (2000) to explain the high levels of coronal emis-
sion measure distributions derived for the intermediate-activity
stars ǫ Eri (K2 V) and ξ Boo A (G8 V) from Extreme Ultraviolet
Explorer spectroscopic observations. These authors found that
the coronae of solar-like stars with activity levels up to that of
ξ Boo A can be explained in terms of coronal structures (ac-
tive regions and cores of active regions) of the same type of that
observed in the Sun. The activity level follows the surface area
coverage of these regions: in higher activity stars the coverage
approaches unity. We observe a similar behavior in HD 81809
where its activity level during the coronal cycle is modulated
by the varying coverage of active regions and cores which is
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Fig. 5. Best-fit emission measures from the three-temperatures
model along the coronal cycle of HD 81809 (upper panel) and as
a function of coronal luminosity (lower panel). The figure shows
the parameters for the coldest (blue circles, corresponding to ac-
tive regions), intermediate (green, corresponding to cores), and
hottest (red, corresponding to flares) components. Upper limits
are marked with arrows.
the maximum (around unity) in correspondence of cycle max-
ima. Drake et al. (2000) suggest that, as the surface area cover-
age of active regions and cores is close to unity, the interactions
and merging of active coronal regions should increase, leading
to a corresponding increase of flaring activity in terms of fre-
quency and intensity of flares. This is consistent with the ev-
idence of a significant (unresolved) flaring activity in the data
of HD 81809 especially in proximity of its cycle maxima. The
best evidence of a bright flare is in the June 2002 data point,
which shows the highest X-ray luminosity of HD 81809, close
to the first cycle maximum, recorded in the long-term monitor-
ing program of XMM-Newton. We conjecture that the increasing
surface coverage of active regions and cores in HD 81809 when
it approaches a cycle maximum, makes the interaction among
these regions more effective. As a result, higher frequency and
larger flares could be produced than would be within individual
active regions. We suggest that an unresolved flaring activity in
HD 81809 is responsible for heating plasma to coronal temper-
atures of T ≈ 10 MK, explaining the evidence of a hot plasma
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component in some spectra of HD 81809 especially close to the
cycle maxima.
4. Summary and Conclusions
We have presented the analysis of the complete data set result-
ing from the long-term XMM-Newton monitoring program of
the solar-like star HD 81809, covering 15 years of evolution.
The star is characterized by a well-defined cycle in its chro-
mospheric activity. We have shown here that HD 81809 is also
characterized by a cyclic variability of coronal X-ray luminosity
which is coherent with the chromospheric one. The data covers
approximately two cycles of coronal activity; the modulation of
X-ray luminosity has an amplitude of a factor of ∼ 5 (exclud-
ing an evident flare in the June 2002 observation) and a period
of 7.3 ± 1.5 yr, consistent with that of the chromospheric cycle.
The two coronal cycles are very similar, pointing at a regular
modulation of the coronal activity.
Pevtsov et al. (2003) studied the relationship between the to-
tal magnetic flux and the X-ray luminosity inferred from X-ray
and magnetic field observations of the Sun and of a sample of ac-
tive stars (including dwarfs and pre-main-sequence stars). They
found that the magnetic flux and X-ray luminosity exhibit a lin-
ear relationship over 12 orders of magnitude, suggesting an uni-
versal relationship between magnetic flux and the power dissi-
pated through coronal heating. This relationship can be partic-
ularly useful when magnetic measurements are unavailable and
one can use X-rays as a proxy for the magnetic flux. In the case
of HD 81809, the observed variation in X-ray luminosity sug-
gests that the magnetic flux ranges between 3 × 1024 G cm2 at
minimum and 2 × 1025 G cm2 at maximum. These values are
significantly larger than those measured in the Sun and ranging
between ≈ 4 × 1022 G cm2 at minimum and ≈ 3 × 1023 G cm2 at
maximum.
The spectra of HD 81809 have been interpreted in terms of a
mixture of solar-like coronal structures (active regions, cores of
active regions, and flaring regions). We have found that the ob-
served range of variations of HD 81809 along the cycle, in terms
of coronal temperature and luminosity, can be explained with a
different surface coverage of the various types of solar coronal
structures, suggesting that the corona of HD 81809 can be con-
sidered as a scaled-up version of the solar corona. The activity
level of HD 81809 is mainly regulated by a varying coverage
of the cores. At the minimum of activity, our analysis suggests
that the EM(T ) distribution of HD 81809 is determined by com-
parable contributions from active regions and cores. Assuming
the lower limit to the radius of HD 81809 (namely R1 = 2R⊙),
we have found that, to describe the minimum, the surface cover-
age of active regions should be ≈ 60% and that of cores ≈ 4%,
with no flares present. This coverage is much larger than that ob-
served in the Sun at its maximum of activity and, in addition, for
a star with a much larger radius than the Sun. This justifies the
higher level of activity of HD 81809 and the significantly higher
values of coronal temperature and luminosity at minimum with
respect to those of the Sun at maximum.
When HD 81809 increases its level of activity, the cover-
age of cores gradually increases from ≈ 4% at minimum up
to ≈ 40% in proximity of the maximum. The EM(T ) distribu-
tion becomes dominated by cores and, in some cases, by flares,
making the contribution from active regions negligible and their
surface coverage not univocally determined. In the light of this,
we assumed a permanent coverage of active regions during the
whole cycle with an upper limit to the filling factor derived at
minimum (FAR ≈ 60%). The spectral analysis based on a three-
temperatures model has confirmed the interpretation that the
variation of coronal activity of HD 81809 is mainly regulated by
a varying coverage of cores spanning one order of magnitude. In
addition, this analysis has also allowed us to identify a moder-
ate change (a factor of 3) in the active regions coverage which
follows that of cores during the coronal cycle. In many cases,
mostly close to the maximum, the actual data are characterized
by a coronal temperature higher than that of simulations assum-
ing a coverage of only active regions and cores. In these cases a
significant contribution of flares is necessary to fit the data. We
have interpreted this result as evidence of an unresolved signif-
icant flaring activity present in HD 81809 which increases for
increasing level of activity. Following Drake et al. (2000), we
speculate that, as the surface filling factors of active regions and
cores increase and approach unity, the intensity and frequency
of flaring events increase because of the increasing complexity
of the coronal structures which interact each other. This is also
consistent with the evidence that the intensity and frequency of
flares in the Sun increase with its coronal cycle.
A comparison of the X-ray cycle of HD 81809 with those
of other late-type stars reported in the literature shows that
HD 81809 has a cycle with similar characteristics. The cycle
of 61 Cygni A (a K5V star with a mass M = 0.7 M⊙) has
been monitored with ROSAT and XMM-Newton in the period
1993-2012 (covering ≈ 19 yr of evolution; Hempelmann et al.
2003, 2006; Robrade et al. 2012). Its cycle shows many sim-
ilarities with that of HD 81809. It is characterized by regu-
lar variations of X-ray luminosity with an amplitude of a fac-
tor of ≈ 3 (slightly lower than that of HD 81809) and a pe-
riod of ≈ 7 yr, consistent with Ca ii measurements. Another
example is α Cen that has been monitored in X-rays by sev-
eral instruments (ROSAT, XMM-Newton,Chandra) in the period
1995-2013 (covering ≈ 18 yr of evolution; Robrade et al. 2005;
Ayres 2009; Robrade et al. 2012; Ayres 2014; Wargelin et al.
2017). In this case, the observations suggest that the B com-
ponent (K1V with M = 0.91 M⊙) is characterized by an X-ray
cycle with a minimum-to-peak contrast of 4.5 and a period of
8.1 ± 0.2 yr (consistent with the chromospheric cycle), whereas
the A component (G2V with M = 1.1 M⊙) was in a Maunder-
Minimum-like low state since 2005 and now is approaching a
maximum (Robrade & Schmitt 2016) with a possible period of
about 15 − 20 yr. The B component, therefore, shows amplitude
and period of X-ray variations remarkably similar to those found
for HD 81809. Conversely, an X-ray cycle with rather different
characteristics is that of the young (≈ 600 Myr) late-type star ι
Hor observed with XMM-Newton over 21 months in 2011-2013
(Sanz-Forcada et al. 2013). In fact, ι Hor, at variance with the
other cases, shows a somewhat irregular 1.6-yr X-ray cycle very
similar to the contemporaneous chromospheric cycle. Indication
of a second longer cycle superposed to the shorter one comes
from the apparent amplitude modulation of the 1.6-yr cycle. In
the period monitored by XMM-Newton, the X-ray flux shows
variation of a factor of ≈ 2 (lower than the amplitude found for
HD 81809). Interestingly, a brief episode of chaotic variability is
also present when the longer cycle seems to approach its maxi-
mum. After this episode, the cyclic behavior resumes. The com-
plex variability revealed for ι Hor is most likely due to the youth
of the star which makes a major difference with the other late-
type stars for which an X-ray cycle has been detected.
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